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Abstract. The past few decades have seen dramatic progress in our ability to
manipulate and coherently control matter-waves. Although the duality between
particles and waves has been well tested since de Broglie introduced the matter-wave
analog of the optical wavelength in 1924, manipulating atoms with a level of coherence
that enables one to use these properties for precision measurements has only become
possible with our ability to produce atomic samples exhibiting temperatures of only
a few millionths of a degree above absolute zero. Since the initial experiments a
few decades ago, the field of atom optics has developed in many ways, with both
fundamental and applied significance. The exquisite control of matter waves offers
the prospect of a new generation of force sensors exhibiting unprecedented sensitivity
and accuracy, for applications from navigation and geophysics to tests of general
relativity. Thanks to the latest developments in this field, the first commercial products
using this quantum technology are now available. In the future, our ability to create
large coherent ensembles of atoms will allow us an even more precise control of the
matter-wave and the ability to create highly entangled states for non-classical atom
interferometry.
1. Introduction
For nearly one century, quantum physics did not cease to reveal surprising, intriguing
and sometimes wonderful phenomena. It allows, for example, to reconcile the wave
and corpuscular descriptions of light that are contradictory in classical physics, and
formed one of the great controversies of the end of the 19th century. Since 1924, when
Louis de Broglie generalized to massive particles the wave-particle duality highlighted
by Plank and Einstein for photons [1], we have been able to define a wavelength for
matter—the so-called de Broglie wavelength λdB = h/p, which is related to a particle’s
momentum p = mv. Shortly afterwards, the first matter-wave diffraction experiments
were carried out with electrons [2], and later with a beam of He atoms [3]. Although
these novel experiments opened the way toward atom optics and interferometry with
matter waves, they also revealed two major challenges. First, due to the relatively
high temperature of most accessible particles, typical de Broglie wavelengths were much
less than a nanometer (thousands of times smaller than that of visible light)—making
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the wave-like behavior of particles difficult to observe. For a long time, only low-mass
particles such as neutrons or electrons could be coaxed to behave like waves since their
small mass resulted in a relatively large de Broglie wavelength. Second, there is no
natural mirror or beam-splitter for matter waves because solid matter usually scatters
or absorbs atoms. Initially, diffraction from the surface of solids, and later from micro-
fabricated gratings, was used as the first type of atom optic. After the development
of the laser in the 1960’s, it became possible to use the electric dipole force to interact
with atoms using coherent radiation.
During the early 1990’s, the physicists began to manipulate atomic de Broglie
waves and the field of atom optics emerged [4, 5]. The first experiments diffracted
atomic matter-waves using micro-fabricated material gratings [6], “light” gratings from
interfering laser fields [7, 8], and evanescent waves from a high-reflection coating
on a glass surface [9]. Using these atom-optical elements, it is possible to observe
atomic de Broglie wave interference in atom interferometers [10, 11, 12], which have
proven themselves as invaluable tools for the study of fundamental physics, high-
precision measurements, and inertial sensing. For instance, it is possible to measure
the acceleration of gravity with an accuracy of 1 part per billion (ppb) [13], the
rotation of the Earth with an accuracy better than 1 millidegree per hour [14, 15],
or to detect minute changes in gravity caused by mass displacements [16] or ocean
tides [17]. These devices are so precise that they are used today as references for
fundamental constants (mass, gravity), and are powerful candidates to test the theory
of General Relativity on surface-based [18, 19, 20], subterranean [21] or in Space-based
laboratories [22, 23]. Projects are currently underway to verify the universality of free
fall (UFF) [19, 24, 20, 23, 25, 26, 27], to detect gravitational waves in a frequency
range yet unreachable with current laser-based detectors [28, 29, 30], and to test dark
energy [31, 32]. Nowadays, many efforts are devoted to designing compact, robust and
mobile sensors [33, 34]. The ability to capture and immobilize the particles in traps
[35, 36, 37], where the atoms exhibit velocities of a few millimeters per second, has
lead to a new generation of atomic sensors that are operated in aircraft [38] and soon
in rockets [39], that are commercially available (see figure 1) and could be the next
generation of navigation unit [40].
Finally, the possibilities to obtain such low temperatures or even lower (hundreds
of nanoKelvin, where the intrinsic quantum behavior of the atoms is even directly
visible [41, 42, 43]) offers new fascinating possibilities of reaching even more compact
systems, or of using advanced quantum manipulation to increase the sensitivity of these
sensors. Utilizing non-destructive measurements, for instance, can allow one to extend
the interrogation time beyond the present limits and could lead to the preparation of
highly entangled states leading to non-classical atom interferometry.
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Figure 1. Photography of the Absolute Quantum Gravimeter available at Muquans.
Courtesy of B. Desruelle – http://www.muquans.com
2. Quantum sensor using light and matter
2.1. How a light pulse “splits” an atom
The key element for an atom interferometer consists of performing a coherent splitting
of the matter wave. If we consider a two-level atom (i.e. an atom with a ground state
|g〉 and an excited state |e〉) with initial position r and momentum p, characterized
by a wavefunction ψi ∼ exp(ip · r/~), an atomic beam-splitter can be achieved
by engineering an interaction potential which will evolve the wavepacket into a
superposition of momentum states. One such interaction (the electric dipole force) can
spatially modulate the amplitude of the wavefunction by sin(k · r) so that ψ becomes
sin(k·r)ψ. Decomposing sin(k·r) into a sum of exponentials immediately shows the final
wavefunction ψf ∼ (eik·r − e−ik·r)ψi. This is a coherent superposition of two momenta,
p + ~k and p − ~k. The light-matter interaction can also be engineered to create a
phase grating which spatially modulates the phase of the wavefunction. In this case, ψi
becomes eik·rψi—resulting in a momentum translation p→ p+ ~k.
These types of interactions are strongest when the light is nearly resonant with
the transition frequency between the two internal states |e〉 and |g〉. When the optical
phase grating is nearly resonant with the atom, the combined atom-field energy of the
atomic states becomes spatially modulated δE(r). For an interaction time t of the atom
with the field, the energy offset δE(r) results in a phase shift δφ(r)t. The interaction
time is set, for example, by the time of flight of the atom through the field, or by the
pulse duration of the laser field intensity. As for a Bragg diffraction grating in optics,
the amplitude of the phase shift (i.e. the time t spent by the atoms in the diffracting
field) will influence the fraction of the wavefunction ψi actually translated by ~k and
result in ψf ∼ αψi +β eik·rψi. The interaction time can be chosen, for example, so that
α = β = 1/
√
2 to implement a beam splitter or so that α = 1 − β = 0 to implement a
mirror. In addition, the internal state of the atom becomes correlated with its external
Inertial quantum sensors using light and matter 4
Figure 2. Atom wavepacket split by a pulse of light: the momentum carried by the
light (red arrow) can be coherently transferred to the atoms, with a probability between
0 and 1. In quantum mechanics, this creates a coherent superposition of atoms with
momentum p, which did not absorb a photon (in red), and atoms with momentum
p+ ~k, which did absorb a photon (in blue).
Figure 3. (a) A matter-wave is split into two parts by the first beam splitter. The
wavepackets then propagate along the two different paths for an interrogation time
T , during which the they can accumulate different phases. At the last beam-splitter,
the number of atoms at each output is modulated with respect to the phase difference
accumulated over the two paths. (b) The Mach-Zehnder configuration uses a series of
three pulses: the first pulse separates the atomic wave, the second redirects the two
partial waves and the final pulse causes the two wavepackets to recombine and interfere.
The interference is detected, for example, by measuring the number of atoms in one of
the output states.
momentum. That is, atoms in the excited state must have absorbed a photon, ergo
they must have a momentum p + ~k. This has significant practical advantages: the
momentum state can be determined simply by detecting the internal state of the atom.
In practice, two-photon stimulated Raman transitions [8] between ground state hyperfine
levels have proven to be particularly fruitful for implementing this class of beam splitter.
2.2. Light pulse matter-wave interferometer
In general, an atom interferomer uses a succession of coherent phase-locked beam-
splitting processes separated by a time T to an ensemble of particles, followed by
detection of these particles in each of the two interferometer output channels. The
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interpretation in terms of matter waves follows from a direct analogy with photonic
interferometry. The incoming wave is split into two different paths by the first beam-
splitter. The accumulation of phase along the two paths leads to interference at the
last beam-splitter, producing complementary probability amplitudes in the two output
channels. The detection probability in each channel is then a sinusoidal function of the
accumulated phase difference, ∆φ. Atom interferometers are generally based on the
Mach-Zehnder design: two splitting processes with a mirror inserted inside to fold the
paths (see figure 3). Usually, the diffraction process replaces the mirrors and the beam
splitters and, in comparison with optical interferometers, these diffraction processes can
be separated either in space or in time. One can estimate the sensitivity of such an
interferometer by calculating the area enclosed by the two atomic trajectories. The two
atomic wavepackets are separated in velocity by the photon recoil vrec = ~keff/m of a
few cm/s. The area is then simply the product ~keffLT where T is the time left before
the two atomic waves are redirected and L the distance between the first and the last
laser pulse.
Why is atom interferometry so powerful? In an optical interferometer, the
electromagnetic waves travel very quickly at the speed of the light. In an atom
interferometer, the atomic waves, traveling at much slower speeds, can spend a much
longer time being interrogated. Thus, atom interferometers are more sensitive to their
environment than their optical counterpart—up to 1011 times for the same interferometer
area and signal-to-noise ratio in the case, for instance, of an Sagnac-effect based
gyroscope. Thus, even if the interferometer area and SNR are favorable to photonics
interferometers, typically a 1 cm2/1 m2 ratio for the area and a SNR ratio smaller than
1:1000, atom interferometers are still exhibiting extreme sensitivities. In addition, in
addition to the precise control of the interferometer scale factor, which varies only with
time and laser wavelength, many systematic effects such as, for example, laser wavefront
distortion [44] or magnetic fields inhomogeneities[17, 45], can be characterized with great
accuracy, thus leading to minimal bias instabilities and drifts.
This accuracy and sensitivity can be used for very precise measurements such as,
for instance, the effect of electric or magnetic fields on atoms, the mass of an atom (for
tests of certain fundamental laws of physics), decoherence and collision effects (index of
refraction for atomic waves) and inertial effects such as the acceleration of gravity (with
possible applications in mineral prospecting) or the rotation/acceleration undergone by
the interferometer (the atom interferometer then becomes an inertial sensor). Apart
from potential applications in navigation, this sensitivity to inertial effects can be used
for testing fundamental physics and is expected to reach its full potential only in Space.
3. Inertial quantum sensors
When the atoms in the interferometer are subject to acceleration or rotation, their
velocity along their trajectory is modified. This results in a variation of the atomic de
Broglie wavelength, which itself leads to a dephasing between the two interferometer
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Figure 4. (a) General scheme of a matter-wave Sagnac interferometer (taken from
ref. [14]). Atoms are launched from the two sides of the interferometer with velocities
±v. They interact with the same three beam splitters. (b) Individual signals from
each interferometers (gray lines), and difference corresponding to a pure rotation signal
(black line) versus rotation rate.
arms that shifts the interference pattern in each output port [46]. The phase shift can
be strong, e.g. ∼ 107 rad for a rubidium interferometer with T = 250 ms. Consequently,
these interferometers can be more sensitive to their environment than their optical
counterpart.
In 1991, proof-of-principle atom interferometers measured rotations [47] and
accelerations [48]. In the following years, many theoretical and experimental work was
carried out to investigate new types of inertial sensors based on atom interferometry.
Recent work has demonstrated that rotations and accelerations can be monitored with
extremely high accuracy and sensitivity [15].
3.1. Sensitivity to rotation
When the three light pulses constituting the Mach-Zehnder atom interferometer are
spatially separated with common orientations keff (usually the atomic velocity v is
perpendicular to the direction of the laser beams keff), the interferometer is sensitive to
rotations, as in the Sagnac geometry for light interferometers. It is straightforward to
show that for a Sagnac loop enclosing area A = keff × vT 2, a rotation Ω produces a
phase shift (to first order in Ω):
∆φrot =
4pi
λv
A ·Ω. (1)
Gyroscopes built on this principle have achieved performance levels in the laboratory
which compare favorably with state-of-the-art optical gyroscopes [49] at the level of a
few 10−9 rad/s after 1000 seconds of integration [15].
3.2. Sensitivity to acceleration
If the platform containing the laser beams accelerates, or if the atoms are subject to a
gravitational acceleration, the phase shift then contains the acceleration term
∆φacc = keff · gT 2. (2)
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Figure 5. Six-axis inertial sensor: cold atomic clouds are launched on a parabolic
trajectory, and interact with the lasers at the top of the parabola. Four interferometer
configurations (a)-(d) give access to the three components of rotation and the three
components of acceleration.
For a stationary interferometer, with the laser beams vertically directed, this phase shift
measures the acceleration due to gravity g. Remarkably, ppb-level agreement has been
achieved between the output of an atom-interferometric gravimeter and a conventional,
“falling-corner-cube” gravimeter [50]. Such devices are used to measure gravity with
high accuracy in a Watt balance that serves as the redefinition of the kilogram [51].
Due to the stability of their acceleration outputs, a pair of such light pulse
accelerometers is well-suited to gravity gradient instrumentation [52]. The basic idea
is to simultaneously create two spatially separated interferometers using a common
laser beam. In this way, technical acceleration noise of the measurement platform
is a common-mode noise source which leads to near identical phase shifts in each
accelerometer. On the other hand, a gravity gradient along the measurement axis results
in a residual differential phase shift. This configuration has been used to measure the
gravity gradient of the Earth, as well as the gravity gradient associated with nearby
mass distributions. Laboratory gravity gradiometers have achieved resolutions below
1 E (where 1 E = 10−9 s−2) and were used to measure the gravitational constant G
[53, 54, 55]. In addition, configurations similar to those for measuring gravity gradients
can be used for gravitational wave detection [21, 29, 30].
3.3. Quantum navigation system
The navigation problem can be simply stated by the following question: How do we
determine an object’s position and orientation as a function of time? In the 20th
century, investigations of this problem have lead to the development of exquisitely refined
hardware, positioning systems and navigation algorithms. Today we take for granted
that a hand-held GPS receiver can be used to obtain meter-level position determination.
When GPS is unavailable (for example, when satellites are not in view, or the GPS signal
is too weak), position determination becomes much less accurate. In this case, stand-
alone “black-box” inertial measurements units (IMUs), comprised of a three orthogonal
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Figure 6. (a) Basic trajectory of the Novespace Zero-G aircraft during parabolic
flight. (b) Coordinate system onboard the aircraft. (c) The science chamber mounted
onboard the aircraft. Samples of 87Rb and 39K are laser-cooled in a vapor-loaded
magneto-optical trap contained within a titanium vacuum system and enclosed by a
µ-metal magnetic shield. Raman beams are aligned either along the y- or the z-axis
of the aircraft.
gyroscopes and accelerometers, are used to infer position changes by integrating the
outputs of these inertial force sensors. State-of-the-art navigation-grade IMUs have
position drift errors of a few kilometers per hour of navigation time—significantly worse
than the GPS solution.
Light-pulse atom sensors appear well suited to this challenge. In general, both
rotation and acceleration terms are present in the sensor outputs. For navigation
applications, the rotation response needs to be isolated from the acceleration response.
In practice, this is accomplished by using multiple atom sources and laser beam
propagation axes. It is interesting to note that the same apparatus is thus capable
of providing both rotation and acceleration outputs (see figure 5)—a significant benefit
for navigation applications which require the rotation rate and acceleration for three
mutually orthogonal axes.
Recently, we have operated an inertial quantum sensor based on atom
interferometry onboard an aircraft (the Novespace 0g airbus, see figure 6) during both
steady flight (standard gravity, 1g) and parabolic flight (microgravity, 0g). In steady
flight, the inertial measurements performed by our instrument showed how a matter-
wave sensor can achieve a resolution level 300 times below the aircraft’s acceleration
level [38]—a suitable noise base for inertial navigation.
An ideal feature of our experiment is the use of telecom-based laser sources that
provide high stability in frequency and power in a compact and integrated setup. We use
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Figure 7. (a) The signal of the atom interferometer recorded during the flight cannot
by itself be used because the interference fringes are smeared out by the acceleration
noise. The statistics of the AI output (b) still shows a characteristic probability
density function (PDF)—confirming that interference fringes can be reconstructed by
correlating the low sensitivity output of a mechanical accelerometer with the atom
interferometer (c). The value provided by the atom interferometer can then be used
to refine the acceleration measurement and increase the sensitivity of the navigation
system (d).
a cloud of about 3× 107 87Rb atoms laser-cooled to ∼ 5 µK. After selecting a magnetic-
field-insensitive (mF = 0) Zeeman sub-level, we apply a velocity-selective Raman light
pulse [8, 56] that keeps about 106 atoms at a temperature of 300 nK along the Raman
beams. In a first experiment, the Raman laser beams were aligned along the direction
of the plane’s wings (y-axis in figure 6) and retro-reflected by a mirror attached to
the aircraft’s structure, thus following the motion of the aircraft. The acceleration
measurement process can be pictured as tracking successive positions of the free-falling
atoms with the pair of Raman lasers, and the resulting atomic phase shift Φ is the
difference between the phase of the two Raman lasers at the atom’s successive classical
positions, with respect to the retro-reflecting mirror [46]. This phase simply relates to
the distance between the atoms and the reference mirror. Thus, our measurement is
equivalent to recording the relative acceleration a of the mirror (along the Raman beam
axis) during the interferometer duration. The sinusoidal signal at the output of the
interferometer is modulated by the acceleration-induced atomic phase shift Φ = keffaT 2,
where keff ' 4pi/780 nm is the effective wavevector of the Raman light, and T is the
time between the light pulses, with a the time-dependent acceleration of the aircraft.
In the aircraft, the acceleration fluctuates over time by σa ' 0.5 m/s2 (1 standard
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deviation), and is at least four orders of magnitude greater than the typical signal
variations recorded by laboratory-based matter-wave inertial sensors. For this reason,
the signal recorded by the atom interferometer first appears as random. To retrieve
the information of our interferometer, we use a mechanical accelerometer (MA) fixed
on the retro-reflecting mirror and correlate the measurements between the MA and the
atom interferometer [57, 38, 33]. We use the signal continuously recorded by the MA
to estimate the mean acceleration a(t) which is expected to be measured by the atom
interferometer at time t. Plotting the atomic measurements P (t) versus a(t) reveals clear
sinusoidal correlations between the mechanical sensors and the atom interferometer (see
figure 7). This demonstrates that the atom interferometer truly holds information about
the mirror acceleration. Using the information of the MA to locate the interferometer
fringe, and the sensitivity of the atomic measurement, our hybrid sensor was able to
surpass the dynamic range of stand-alone atom-based accelerometers (±pi/keffT 2), and
measure large accelerations (±0.5 m/s2) and at high resolution (2×10−3 m/s2 per shot)
[38].
4. Fundamental physics and quantum tests of weak equivalence principle
The intrinsically high sensitivity and stability of atom interferometers enables access
to many types of precision tests of fundamental physics. They allow, for instance, to
test atomic and molecular physics properties at a level yet unachieved. For example, by
applying a perturbation on one of the two atomic paths inside the interferometer, the
electric polarizability of atoms or molecules [58], as well as the index of refraction of
gases for atomic waves or topological phases can be measured [59]. As for atomic clocks,
atom interferometers can also be used to measure fundamental constants at a very high
level of accuracy. Present efforts include the measurement of the fine constant structure
α [60], the gravitational constant G [53, 54, 55] and the definition of the kilogram.
There are also several interesting experimental tests of General Relativity (GR),
motivated by alternatives to Einstein’s theory, that could be within reach with atom
interferometers [18]. For example, the cosmological constant problem suggests that
our understanding of GR is incomplete, motivating a modification of gravity at large
distances. Atom interferometry can lead to high precision laboratory tests of GR, such
as the test of the Einstein’s equivalence principle (in the form of the UFF, as discussed
below) or the detection of gravitational waves at low frequency. There are two main
reasons for this. Atomic physics experiments can reach incredibly high accuracy (for
example, clock synchronization at levels of a few 10−17 [61] and 10−18 [62] of relative
accuracy), and have several control parameters which, for instance, allow one to isolate
and measure individual relativistic terms by using their scalings with these parameters.
Precise tests of the UFF with matter waves are of key importance to understanding
gravity at the quantum scale. Such tests use two atom interferometers that measure the
relative acceleration between two atomic species in free fall with the Earth’s gravitational
potential. The ICE experiment [24] is designed to generate interferometer signals from
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laser-cooled samples of 39K and 87Rb onboard the Novespace Zero-g aircraft. While
in parabolic flight, the experiment is in free fall and this microgravity environment
should enable interrogation times on the order of 10 s. Since the sensitivity of atom
interferometers to acceleration scales as the square of the interrogation interval T ,
measurements on this timescale could theoretically detect changes in acceleration at
the level of 10−11 g. In order to laser-cool 39K and 87Rb, two independent laser sources
are required at 767 and 780 nm. These wavelengths are generated by frequency-doubling
the output of two C-band telecom lasers operating at 1560 and 1534 nm [63]. By using
these fiber-based lasers the system is largely insensitive to optical misalignment due
to vibrations or structural deformation. The frequency of both lasers is stabilized by
locking them to an optical frequency comb that operates over both telecom wavelengths.
After amplification and frequency-doubling, the light at 767 and 780 nm passes through
a series of acousto-optic modulators in free space (which act as frequency shifters and
high-speed optical switches) before being sent through optical fibers toward the vacuum
chamber.
We recently made simultaneous acceleration measurements with the two atomic
species in microgravity. Since the two interferometer signals originate from atomic
sources that occupy the same space, many systematic effects related to a precise test
of the UFF can be eliminated. Our experiment can generate sources of cold 87Rb
and 39K samples at temperatures of ∼ 2 µK and ∼ 18 µK, respectively, each with
approximately 108 atoms. The Raman beams at 780 nm and 767 nm are combined on
the same optics before being aligned through the atomic cloud and retro-reflected off of
a reference mirror. In this way, mirror vibrations are common to both interferometer
signals [64, 65], and many sources of measurement noise can be rejected to a high degree.
In addition, a high-sensitivity mechanical accelerometer (Colibrys SF3600) is attached
to this mirror and its signal is combined with the output of the two interferometers to
further reduce noise due to low-frequency vibrations and mirror drift. This technique is
effective at removing phase noise even if no vibration isolation system is used.
5. Atom lasers, quantum phase locks and sub-shot-noise interferometry
Laser cooling, recognized by the 1997 Nobel prize in physics [37], made it possible to
reach high atomic densities (i.e. to observe a strong signal), while combining temperature
of atom clouds very close to the absolute zero (1 microKelvin) and thus to reach regimes
where the wave behavior of the atoms becomes significant. Nevertheless, the quest to
reach higher sensitivity requires (i) reducing the velocity dispersion of the atomic sample
[66] in order to allow for enhanced enclosed area via larger momentum splitting [67], (ii)
increasing the interrogation time, or (iii) increasing the knowledge of the scaling factor,
which depends directly on the initial velocity of the atoms and can be better controlled
with more confined atomic sources.
After the first observation of Bose-Einstein condensation (BEC) in dilute atomic
gases (which was awarded the Nobel prize in physics in 2001 [43]), the possibility
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of producing dense, ultra-cold samples of atoms opened new prospects in our ability
to engineer quantum sensors. Laboratories all around the world are now routinely
producing evaporatively-cooled (below 100 nK) samples of atoms which, at a sufficiently
high density, undergo a phase transition to quantum degeneracy. For a cloud of bosonic
(integer spin) atoms, all the atoms accumulate in the same quantum state (the atom-
optical analog of the laser effect in optics). Access to BECs and atom laser sources
have brought major conceptual advances in atom interferometry [68, 69, 70, 71, 72], in a
similar fashion to what lasers did for the field of optical interferometry. Nevertheless, the
relative complexity of BEC production has pushed scientists to explore new techniques
by using, for instance, optical traps [73], atom chips [74], or avoiding evaporation and
relying solely on laser cooling [75].
In this context, we recently managed to produce a rubidium BEC in an optical
cavity held in vacuum (figure 8): the atoms from a magneto-optical trap are transferred
to the dipole optical trap created by a telecom laser at 1560 nm coupled into the cavity.
The system consists of a four-mirror cavity in a bow-tie configuration, with two arms
crossing orthogonally at the center. As a result of cavity build-up, the intensity is
much higher inside the cavity—enabling the design of a compact, low power, BEC
production system. Since the transverse modes of the optical cavity are non-degenerate,
it is also possible to selectively lock the trapping laser to such modes. By tuning the
laser frequency and adopting suitable phase masks to optimize the coupling efficiency
[76], we are able to confine thermal atoms in the trap arrays formed by the high-order
modes, and also dynamically switch the trap geometry by injecting two cavity modes
with a variable intensity. This scheme could ultimately be used to realize compact arrays
of simultaneous interferometers.
The resonator-based generation of BEC enables a drastic reduction of the power
required for the laser source, and could constitute a key approach for transportable
quantum sensors using condensed sources. The main drawback of this configuration
is that the high sensitivity of the intra-cavity laser intensity to vibrations results in a
significant heating for the trapped atoms. However, this mechanism could be strongly
suppressed using a novel scheme that we developed to lock a laser to a cavity using a
serrodyne modulation technique [77].
Such a system, combined with improved atom interferometer detection, could be
used to improve quantum sensors in many respects. For instance, a common issue in
atom interferometry is represented by the coherence loss determined by the limited
interval over which the interferometric phase can be unambiguously determined from
the measurement of a population unbalance over the two output ports. This is the case
with both atomic clocks, where the quality of the local oscillator used to interrogate
the atomic coherence ultimately limits the measurement, and with accelerometers and
gyroscopes based on matter-wave interference, where the fringe visibility is degraded
by acceleration and rotation noise, respectively. Several solutions to extend the
interrogation interval have been proposed for atomic clocks [78, 79] and demonstrated
in atom interferometry based inertial sensing [80]; they use two or more ensembles
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Figure 8. (left) The bow-tie cavity mounted with the MOT coils on a metal flange;
the assembly is held in vacuum and used to trap and cool Rb atoms until condensation.
(right) A Bose-condensed sample of 5×105 Rb atoms obtained by evaporatively cooling
atoms in the cavity-enhanced optical potential: in the inset, the optical density of the
atomic ensemble obtained from an absorption image after 8 ms of time of flight; in
the graph, the optical density integrated along the vertical direction shows a bimodal
structure, with the inverted parabola accounting for the condensed atomic fraction.
interrogated simultaneously at different time scales or locations to increase the phase-
wrap-free interval. With our system, we can measure the population imbalance in an
atom interferometer with a minimal destructivity of the ensemble coherence. We have
used this system to operate a feedback correction on the atomic state to protect its
coherence against random noise [81], and also to phase lock a microwave frequency
chain to a coherent atomic state [82, 83]. This scheme allowed us to increase the
effective interrogation time in an atomic clock beyond the limit set by the quality of
the local oscillator. In figure 9, an atomic clock implementing the phase lock method
is compared to a clock using a standard Ramsey interrogation, and the performance
obtained indicates a certain degree of correlation between the successive interrogations
in the same clock cycle. The coherence preserving measurements and feedback scheme,
which allowed us to demonstrate an effectively longer interrogation interval, could
improve the sensitivity of optical atomic clocks bypassing the limitations set by the
local oscillator adopted for the coherent manipulation. We plan to apply it to matter-
wave-based inertial sensors to enhance fringe visibility at long interrogation times or in
harsh environments.
Aside from technical difficulties, the sensitivity of an atom interferometer will
be eventually limited by the quantum projection noise limit ∆φmin = 1/
√
N for a
finite number of uncorrelated detected particles N [84]. With the relative phases
accumulated in the interferometer being a function of the interrogation time T , the
ideal sensitivity will scale as
√
N Tα, where α > 0 and its value depends on the
interferometer configuration. Using cold atomic sources can enable the enhancement of
the enclosed area and the sensitivity by increasing T . On the other hand, the effect of
quantum projection noise can be reduced by engineering the quantum state of the atomic
ensemble entering the interferometer: entanglement can determine strong correlations
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Figure 9. Comparison of the Allan deviation of a reference clock with T = 1
ms (red points) and that of a model clock implementing 9 successive interrogations
with intermediate measurements of the relative phase and corrections, for a total
interrogation time of 9 ms (blue points). Image taken from ref. [83].
in the projection process during the measurement, which can be exploited to increase
phase resolution with the Heisenberg limit ∆φmin,H = 1/N as fundamental lower bound.
After the first experimental realizations of atomic states with uncertainties below the
quantum projection limit [85, 86, 87, 68, 88, 89], a noise reduction approaching -20 dB
below the QPN has been recently reported [90, 91]. Our heterodyne technique, when
used for quantum non-demolition measurements on the atomic sample, could combine
the enhancement given by correlating successive measurements on the atomic system
with that related to implementing entanglement between the particles so as to reach
Heisenberg-limited sensitivities at the output of the interferometer. The ultimate bound
of this combined approach has been recently studied for atomic clocks [92].
6. Conclusion
The last few decades have advanced our ability to produce very reliably ultra-cold
sample of atoms, and has open the possibility of new technologies based on the quantum
manipulation of matter waves. While “quantum technologies” represent tomorrow’s
challenge in computing, communication or sensing, the manipulation of quantum states
of matter with light has lead to a promising class of inertial sensors that are already
nowadays exhibiting exquisite sensitivity to rotation and gravity. These quantum
sensors are showing great promise for improving inertial navigation, or for passive
sub-surface monitoring and prospecting. Furthermore, matter-wave interference and
entanglement of quantum states also enable a new generation of fundamental physics
tests, where laboratory experiments might reach the precision and accuracy of large
astrophysical experiments, and where the foundation of our understanding of physics
could be challenged.
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What lies in the future? Developments in quantum sensors involve combinations of
advanced atomic sources and clever beam-splitting elements such as high-flux, single-
mode atomic sources and large momentum transfer atom optics. There are several
promising avenues to realizing this goal. The pay-off: extremely high performing space-
time sensors with applications ranging from tests of gravitation to advanced inertial
sensing. Nevertheless, our quest for improving the sensitivity of ground-based atom
interferometers will soon reach a limit imposed by gravity and by the requirements of
ultra-high vacuum and a very well controlled environment. Current state-of-the-art
experimental apparatuses allow for seconds of interrogation with 10 to 120 meters of
free-fall [69, 70, 71, 72, 67]. Space-based applications ‡, currently under study, will
enable physicists to increase even further the interrogation time, thereby increasing
dramatically the sensitivity and accuracy of atom interferometers.
7. Acknowledgments
The work presented here is supported by the French national agencies CNES (Centre
National d’Etudes Spatiales), l’Agence Nationale pour la Recherche, the Délégation
Générale de l’Armement, the European Space Agency, IFRAF (Institut Francilien
de Recherche sur les Atomes Froids), the European Metrology Research Programme
(EMRP) (JRP-EXL01 QESOCAS), Laser and Photonics in Aquitaine (APLL-CLOCK,
within ANR-10-IDEX-03-02). We would like to thank our collaborators B. Canuel,
B. Battelier and A. Landragin. P. Bouyer thanks Conseil Régional d’Aquitaine for the
Excellence Chair and M. Kasevich who is involved in the BSAIL international laboratory.
References
[1] de Broglie L 1923 C. R. Acad. Sci. (Paris) 177 507
[2] Davision C and Germer L H 1927 Phys. Rev. 30 705 URL http://dx.doi.org/10.1103/PhysRev.
30.705
[3] Estermann I and Stern A 1930 Z. Phys. 61 95
[4] P R Berman (Ed) 1997 Atom Interferometry (San Diego: Academic Press)
[5] Cronin A, Schmiedmayer J and Pritchard D E 2009 Rev. Mod. Phys. 81 1051 URL http:
//link.aps.org/doi/10.1103/RevModPhys.81.1051
[6] Keith D W, Schattenburg M L, Smith H I and Pritchard D E 1988 Phys. Rev. Lett. 61 1580 URL
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.61.1580
[7] Moskowitz P E, Gould P L, Atlas S R and Pritchard D E 1983 Phys. Rev. Lett. 51 370 URL
http://dx.doi.org/10.1103/PhysRevLett.51.370
[8] Kasevich M A, Weiss D S, Riis E, Moler K, Kasapi S and Chu S 1991 Phys. Rev. Lett. 66 2297
URL http://dx.doi.org/10.1103/PhysRevLett.66.2297
[9] Kasevich M A, Weiss D S and Chu S 1990 Opt. Lett. 15 607 URL http://ol.osa.org/abstract.
cfm?URI=ol-15-11-607
[10] Bordé C J 1989 Phys. Lett. A 140 10 URL http://www.sciencedirect.com/science/article/
pii/0375960189905379
‡ See for example the Special Issue: Quantum Mechanics for Space Application: From Quantum Optics
to Atom Optics and General Relativity, Appl. Phys. B, 84 (2006);
Inertial quantum sensors using light and matter 16
[11] Keith D W, Ekstrom C R, Turchette Q R and Pritchard D E 1991 Phys. Rev. Lett. 66 2693 URL
http://dx.doi.org/10.1103/PhysRevLett.66.2693
[12] Kasevich M A and Chu S 1991 Phys. Rev. Lett. 67 181 URL http://dx.doi.org/10.1103/
PhysRevLett.67.181
[13] Farah T, Guerlin C, Landragin A, Bouyer P, Gaffet S, Pereira Dos Santos F and Merlet S 2014
Gyroscopy and Navigation 5 266 URL http://dx.doi.org/10.1134/S2075108714040051
[14] Gustavson T L, Bouyer P and Kasevich M A 1997 Phys. Rev. Lett. 78 2046 URL http:
//link.aps.org/doi/10.1103/PhysRevLett.78.2046
[15] Barrett B, Geiger R, Dutta I, Meunier M, Canuel B, Gauguet A, Bouyer P and Landragin
A 2014 C. R. Physique 15 875 URL http://linkinghub.elsevier.com/retrieve/pii/
S1631070514001467
[16] Rosi G, Cacciapuoti L, Sorrentino F, Menchetti M, Prevedelli M and Tino G M 2015 Phys. Rev.
Lett. 114 013001 URL http://link.aps.org/doi/10.1103/PhysRevLett.114.013001
[17] Peters A, Chung K Y and Chu S 2001 Metrologia 38 25 URL http://stacks.iop.org/
0026-1394/38/i=1/a=4?key=crossref.33bae2a3cd81df1aadcc7dc5746aa663
[18] Dimopoulos S, Graham P W, Hogan J M and Kasevich M A 2007 Phys. Rev. Lett. 98 111102 URL
http://link.aps.org/doi/10.1103/PhysRevLett.98.111102
[19] Hartwig J, Abend S, Schubert C, Schlippert D, Ahlers H, Posso-Trujillo K, Gaaloul N, Ertmer W
and Rasel E M 2015 New J. Phys. 17 035011 URL http://stacks.iop.org/1367-2630/17/
i=3/a=035011?key=crossref.3ad17eb6d995abc2d0f15edd81be5618
[20] Zhou L, Long S, Tang B, Chen X, Gao F, Peng W, Duan W, Zhong J, Xiong Z, Wang J, Zhang Y
and Zhan M 2015 Phys. Rev. Lett. 115(1) 013004 URL http://link.aps.org/doi/10.1103/
PhysRevLett.115.013004
[21] Canuel B, Amand L, Bertoldi A, Chaibi W, Geiger R, Gillot J, Landragin A,
Merzougui M, Riou I, Schmid S P and Bouyer P 2014 E3S Web of Confer-
ences 4 01004 URL http://www.e3s-conferences.org/articles/e3sconf/abs/2014/03/
e3sconf-idust2014-01004/e3sconf-idust2014-01004.html
[22] Altschul B, Bailey Q G, Blanchet L, Bongs K, Bouyer P, Cacciapuoti L, Capozziello S, Gaaloul N,
Giulini D, Hartwig J, Iess L, Jetzer P, Landragin A, Rasel E, Reynaud S, Schiller S, Schubert
C, Sorrentino F, Sterr U, Tasson J D, Tino G M, Tuckey P and Wolf P 2015 Adv. Space Res. 55
501 – 524 URL http://www.sciencedirect.com/science/article/pii/S0273117714004384
[23] Williams J, Chiow S w, Yu N and Müller H 2016 New J. Phys. 18 025018 URL http:
//dx.doi.org/doi:10.1088/1367-2630/18/2/025018
[24] Barrett B, Antoni-Micollier L, Chichet L, Battelier B, Gominet P A, Bertoldi A, Bouyer P and
Landragin A 2015 New. J. Phys. 17 085010 URL http://iopscience.iop.org/1367-2630/
17/8/085010/
[25] Fray S, Diez C A, Hänsch T W and Weitz M 2004 Phys. Rev. Lett. 93 240404 ISSN 0031-9007
URL http://link.aps.org/doi/10.1103/PhysRevLett.93.240404
[26] Schlippert D, Hartwig J, Albers H, Richardson L L, Schubert C, Roura A, Schleich W P, Ertmer W
and Rasel E M 2014 Phys. Rev. Lett. 112 203002 URL http://link.aps.org/doi/10.1103/
PhysRevLett.112.203002
[27] Aguilera D, Ahlers H, Battelier B, Bawamia A, Bertoldi A, Bondarescu R, Bongs K, Bouyer P,
Braxmaier C, Cacciapuoti L, Chaloner C, Chwalla M, Ertmer W, Franz M, Gaaloul N, Gehler
M, Gerardi D, Gesa L, Gürlebeck N, Hartwig J, Hauth M, Hellmig O, Herr W, Herrmann S,
Heske A, Hinton A, Ireland P, Jetzer P, Johann U, Krutzik M, Kubelka A, Lämmerzahl C,
Landragin A, Lloro I, Massonnet D, Mateos I, Milke A, Nofrarias M, Oswald M, Peters A,
Posso-Trujillo K, Rasel E, Rocco E, Roura A, Rudolph J, Schleich W, Schubert C, Schuldt
T, Seidel S, Sengstock K, Sopuerta C F, Sorrentino F, Summers D, Tino G M, Trenkel C,
Uzunoglu N, von Klitzing W, Walser R, Wendrich T, Wenzlawski A, Weß els P, Wicht A,
Wille E, Williams M, Windpassinger P and Zahzam N 2014 Class. Quantum Gravity 31
115010 ISSN 0264-9381 URL http://stacks.iop.org/0264-9381/31/i=15/a=159502?key=
Inertial quantum sensors using light and matter 17
crossref.d7c9e2e43449f780cb72d3bd162c188d
[28] Dimopoulos S, Graham P W, Hogan J M, Kasevich M A and Rajendran S 2009 Phys. Lett. B 678
37 URL http://dx.doi.org/doi:10.1016/j.physletb.2009.06.011
[29] Geiger R, Amand L, Bertoldi A, Canuel B, Chaibi W, Danquigny C, Dutta I, Fang B, Gaffet S,
Gillot J, Holleville D, Landragin A, Merzougui M, Riou I, Savoie D and Bouyer P 2015 Matter-
wave laser Interferometric Gravitation Antenna (MIGA): New perspectives for fundamental
physics and geosciences (Preprint 1505.07137) URL http://arxiv.org/abs/1505.07137
[30] Chaibi W, Geiger R, Canuel B, Bertoldi A, Landragin A and Bouyer P 2016 Phys. Rev. D 93
021101(R) URL http://dx.doi.org/10.1103/PhysRevD.93.021101
[31] Burrage C, Copeland E J and Hinds E A 2015 J. Cosmol. Astropart. Phys. JCAP03(2015)42
URL http://dx.doi.org/10.1088/1475-7516/2015/03/042
[32] Hamilton P, Jaffe M, Haslinger P, Simmons Q, Müller H and J K 2015 Science 349 849 URL
http://dx.doi.org/doi:10.1126/science.aaa8883
[33] Barrett B, Gominet P A, Cantin E, Antoni-Micollier L, Bertoldi A, Battelier B, Bouyer P, Lautier J
and Landragin A 2014 Mobile and remote inertial sensing with atom interferometers Proceedings
of the International School of Physics “Enrico Fermi” vol 188 “Atom Interferometry” ed Tino
GM and Kasevich M A (IOS, Amsterdam; SIF, Bologna) p 493 URL http://ebooks.iospress.
nl/volume/atom-interferometry
[34] Freier C, Hauth M, Schkolnik V, Leykauf B, Schilling M, Wziontek H, Scherneck H G, Müller J
and Peters A 2015 arXiv:1512.05660 URL http://arxiv.org/abs/1512.05660
[35] Ashkin A 1978 Phys. Rev. Lett. 40 729 URL http://dx.doi.org/10.1103/PhysRevLett.40.729
[36] Phillips W D, Prodan J and Metcalf H 1985 J. Opt. Soc. Am. B 2 1751 URL http://dx.doi.
org/10.1364/JOSAB.2.001751
[37] Chu S, Cohen-Tannoudji C and Phillips W 2003 Nobel Lectures in Physics: 1996-2000 (World
Scientific Pub. Co. Inc.) chap (1997) for development of methods to cool and trap atoms with
laser light
[38] Geiger R, Ménoret V, Stern G, Zahzam N, Cheinet P, Battelier B, Villing A, Moron F, Lours
M, Bidel Y, Bresson A, Landragin A and Bouyer P 2011 Nat. Commun. 2 474 URL http:
//dx.doi.org/10.1038/ncomms1479
[39] Maius project website URL https://www.zarm.uni-bremen.de/research/
space-technologies/phase-0a-studies/projects/quantus-iv-maius.html
[40] Canuel B, Leduc F, Holleville D, Gauguet A, Fils J, Virdis A, Clairon A, Dimarcq N, Bordé C J,
Landragin A and Bouyer P 2006 Phys. Rev. Lett. 97 010402 URL http://link.aps.org/doi/
10.1103/PhysRevLett.97.010402
[41] Anderson M H, Ensher J R, Matthews M R, Wieman C E and Cornell E A 1995 Science 269 198
URL http://dx.doi.org/10.1126/science.269.5221.198
[42] Davis K B, Mewes M O, Andrews M R, Druten M J V, Durfee D S, Kurn D M and Ketterle W
1995 Phys. Rev. Lett. 75 3969 URL http://dx.doi.org/10.1103/PhysRevLett.75.3969
[43] Cornell E A, Ketterle W and Wieman C E 2008 Nobel Lectures in Physics: 2001-2005 (World
Scientific Pub. Co. Inc.) chap (2001) for the achievement of Bose-Einstein condensation in dilute
gases of alkali atoms, and for early fundamental studies of the properties of the condensates
[44] Jannin R, Cladé P and Guellati-Khélifa S 2015 Phys. Rev. A 92(1) 013616 URL http://link.
aps.org/doi/10.1103/PhysRevA.92.013616
[45] Gillot P, Francis O, Landragin A, Pereira Dos Santos F and Merlet S 2014 Metrologia 15 L15 URL
http://iopscience.iop.org/0026-1394/51/5/L15/
[46] Storey P and Cohen-Tannoudji C 1994 J. Phys. II 4 1999 URL http://dx.doi.org/10.1051/
jp2:1994103
[47] Riehle F, Kister T, Witte A, Helmcke J and Bordé C J 1991 Phys. Rev. Lett. 67 177–180 URL
http://dx.doi.org/10.1103/PhysRevLett.67.177
[48] Kasevich M and Chu S 1992 Appl. Phys. B 54 321 URL http://dx.doi.org/10.1007/
BF00325375
Inertial quantum sensors using light and matter 18
[49] Lefèvre H C 2014 The Fiber-Optic Gyroscope 2nd ed Applied Photonics (London, UK: Artech
House) ISBN 9781608076956
[50] Merlet S, Bodart Q, Malossi N, Landragin A, Pereira Dos Santos F, Gitlein O and Timmen L 2010
Metrologia 47 L9 URL http://stacks.iop.org/0026-1394/47/i=4/a=L01?key=crossref.
de544c28f93018e12efc9cc42df96d12
[51] Merlet S, Kopaev A, Diament M, Geneves G, Landragin A and Santos F P D 2008 Metrologia 45
265 URL http://stacks.iop.org/0026-1394/45/i=3/a=002
[52] Snadden M J, McGuirk J M, Bouyer P, Haritos K G and Kasevich M A 1998 Phys. Rev. Lett. 81
971 URL http://link.aps.org/doi/10.1103/PhysRevLett.81.971
[53] Bertoldi A, Lamporesi G, Cacciapuoti L, de Angelis M, Fattori M, Petelski T, Peters A, Prevedelli
M, Stuhler J and Tino G M 2006 Euro. Phys. J. D 40 271 URL http://dx.doi.org/10.1140/
epjd/e2006-00212-2
[54] Fixler J B, Foster G T, McGuirk J M and Kasevich M A 2007 Science 315 74 URL http:
//www.ncbi.nlm.nih.gov/pubmed/17204644
[55] Rosi G, Sorrentino F, Cacciapuoti L, Prevedelli M and Tino G M 2014 Nature 510 518 URL
http://www.ncbi.nlm.nih.gov/pubmed/24965653
[56] Moler K, Weiss D S, Kasevich M and Chu S 1992 Phys. Rev. A 45(1) 342 URL http://link.
aps.org/doi/10.1103/PhysRevA.45.342
[57] Merlet S, Le Gouët J, Bodart Q, Clairon A, Landragin A, Pereira Dos Santos F and Rouchon P
2009 Metrologia 46 87 URL http://iopscience.iop.org/0026-1394/46/1/011/
[58] Gregoire M D, Hromada I, Holmgren W F, Trubko R and Cronin A D 2015 Phys. Rev. A 92(5)
052513 URL http://link.aps.org/doi/10.1103/PhysRevA.92.052513
[59] Lepoutre S, Gauguet A, Büchner M and Vigué J 2013 Phys. Rev. A 88(4) 043627 URL http:
//link.aps.org/doi/10.1103/PhysRevA.88.043627
[60] Bouchendira R, Clade P, Guellati-Khélifa S, Nez F and Biraben F 2011 Phys. Rev. Lett. 106
080801 URL http://dx.doi.org/10.1103/PhysRevLett.106.080801
[61] Lisdat C, Grosche G, Quintin N, Shi C, Raupach S M F, Grebing C, Nicolodi D, Stefani F, Al-
Masoudi A, Dörscher S, Häfner S, Robyr J L, Chiodo N, Bilicki S, Bookjans E, Koczwara A,
Koke S, Kuhl A, Wiotte F, Meynadier F, Camisard E, Abgrall M, Lours M, Legero T, Schnatz H,
Sterr U, Denker H, Chardonnet C, Le Coq Y, Santarelli G, Amy-Klein A, Le Targat R, Lodewyck
J, Lopez O and Pottie P E 2015 arXiv:1511.07735 URL http://arxiv.org/abs/1511.07735
[62] Ushijima I, Takamoto M, Das M, Ohkubo T and Katori H 2014 Nature Photon. 9 185 URL
http://dx.doi.org/doi:10.1038/nphoton.2015.5
[63] Ménoret V, Geiger R, Stern G, Zahzam N, Battelier B, Bresson A, Landragin A and Bouyer P
2011 Opt. Lett. 36 4128 URL http://www.ncbi.nlm.nih.gov/pubmed/22048340
[64] Varoquaux G, Nyman R A, Geiger R, Cheinet P, Landragin A and Bouyer P 2009
New J. Phys. 11 113010 URL http://stacks.iop.org/1367-2630/11/i=11/a=113010?key=
crossref.011e820ae1ccf9a1622e8c431ab5fc89
[65] Bonnin A, Zahzam N, Bidel Y and Bresson A 2015 Phys. Rev. A 92(2) 023626 URL http:
//link.aps.org/doi/10.1103/PhysRevA.92.023626
[66] Kovachy T, Hogan J M, Sugarbaker A, Dickerson S M, Donnelly C A, Overstreet C and Kasevich
M A 2015 Phys. Rev. Lett. 114 143004 URL http://dx.doi.org/10.1103/PhysRevLett.114.
143004
[67] Kovachy T, Asenbaum P, Overstreet C, Donnelly C A, Dickerson S M, Sugarbaker A, Hogan J M
and Kasevich M A 2015 Nature 528 530 URL http://dx.doi.org/doi:10.1038/nature16155
[68] Gross C, Zibold T, Nicklas E, Estève J and Oberthaler M K 2010 Nature 464 1165 URL
http://dx.doi.org/10.1038/nature08919
[69] van Zoest T, Gaaloul N, Singh Y, Ahlers H, Herr W, Seidel S T, Ertmer W, Rasel E M, Eckart
M, Kajari E, Arnold S, Nandi G, Schleich W P, Walser R, Vogel A, Sengstock K, Bongs K,
Lewoczko-Adamczyk W, Schiemangk M, Schuldt T, Peters A, Könemann T, Müntinga H,
Lämmerzahl C, Dittus H, Steinmetz T, Hänsch T W and Reichel J 2010 Science 328 1540
Inertial quantum sensors using light and matter 19
URL http://www.ncbi.nlm.nih.gov/pubmed/20558713
[70] Sugarbaker A, Dickerson S M, Hogan J M, Johnson D M S and Kasevich M A 2013 Phys. Rev.
Lett. 111 113002 URL http://link.aps.org/doi/10.1103/PhysRevLett.111.113002
[71] Dickerson S M, Hogan J M, Sugarbaker A, Johnson D M S and Kasevich M A 2013 Phys. Rev.
Lett. 111 083001 URL http://link.aps.org/doi/10.1103/PhysRevLett.111.083001
[72] Müntinga H, Ahlers H, Krutzik M, Wenzlawski a, Arnold S, Becker D, Bongs K, Dittus H, Duncker
H, Gaaloul N, Gherasim C, Giese E, Grzeschik C, Hänsch T W, Hellmig O, Herr W, Herrmann
S, Kajari E, Kleinert S, Lämmerzahl C, Lewoczko-Adamczyk W, Malcolm J, Meyer N, Nolte
R, Peters a, Popp M, Reichel J, Roura a, Rudolph J, Schiemangk M, Schneider M, Seidel S T,
Sengstock K, Tamma V, Valenzuela T, Vogel a, Walser R, Wendrich T, Windpassinger P, Zeller
W, van Zoest T, Ertmer W, Schleich W P and Rasel E M 2013 Phys. Rev. Lett. 110 093602
URL http://link.aps.org/doi/10.1103/PhysRevLett.110.093602
[73] Grimm R, Weidemüller M and Ovchinnikov Y B 2000 Adv. At. Mol. Opt. Phys. 42 95–170 URL
http://dx.doi.org/10.1016/S1049-250X(08)60186-X
[74] Reichel J and Vuletic V 2011 Atom Chips (Wiley-VCH)
[75] Stellmer S, Pasquiou B, Grimm R and Schreck F 2013 Phys. Rev. Lett. 110 263003 URL
http://dx.doi.org/10.1103/PhysRevLett.110.263003
[76] Bertoldi A, Bernon S, Vanderbruggen T, Landragin A and Bouyer P 2010 Opt. Lett. 35 3769 URL
http://dx.doi.org/10.1364/OL.35.003769
[77] Kohlhaas R, Vanderbruggen T, Bernon S, Bertoldi A, Landragin A and Bouyer P 2012 Opt. Lett.
37 1005 URL http://dx.doi.org/10.1364/OL.37.001005
[78] Rosenband T and Leibrandt D R 2013 arXiv:1303.6357 URL http://arxiv.org/abs/1303.6357
[79] Borregaard J and Sørensen A S 2013 Phys. Rev. Lett. 111 090802 URL http://dx.doi.org/10.
1103/PhysRevLett.111.090802
[80] Sorrentino F, Bertoldi A, Bodart Q, Cacciapuoti L, de Angelis M, Lien Y H, Prevedelli M, Rosi G
and Tino G M 2012 Appl. Phys. Lett. 101 114106 URL http://link.aip.org/link/APPLAB/
v101/i11/p114106/s1&Agg=doi
[81] Vanderbruggen T, Kohlhaas R, Bertoldi A, Bernon S, Aspect A, Landragin A and Bouyer P 2013
Phys. Rev. Lett. 110 210503 URL http://dx.doi.org/10.1103/PhysRevLett.110.210503
[82] Shiga N and Takeuchi M 2012 New J. Phys. 14 023034 URL http://iopscience.iop.org/
1367-2630/14/2/023034
[83] Kohlhaas R, Bertoldi A, Cantin E, Aspect A, Landragin A and Bouyer P 2015 Phys. Rev. X 5
021011 URL http://dx.doi.org/10.1103/PhysRevX.5.021011
[84] Itano W M, Bergquist J C, Bollinger J J, Gilligan J M, Heinzen D J, Moore F L, Raizen M G and
Wineland D J 1993 Phys. Rev. A 47 3554 URL http://dx.doi.org/10.1103/PhysRevA.47.
3554
[85] Appel J, Windpassinger P J, Oblak D, Hoff U B, Kjærgaard N and Polzik E S 2009 Proc. Natl.
Acad. Sci. U.S.A. 106 10960 URL http://dx.doi.org/10.1073/pnas.0901550106
[86] Schleier-Smith M H, Leroux I D and Vuletić V 2010 Phys. Rev. Lett. 104 073604 URL http:
//dx.doi.org/10.1103/PhysRevLett.104.073604
[87] Riedel M F, Böhi P, Li Y, Hänsh T W, Sinatra A and Treutlein P 2010 Nature 464 1170 URL
http://dx.doi.org/doi:10.1038/nature08988
[88] Bücker R, Grond J, Manz S, Berrada T, Betz T, Koller C, Hohenester U, Schumm T, Perrin A
and Schmiedmayer J 2011 Nat. Phys. 7 608 URL http://dx.doi.org/10.1038/nphys1992
[89] Lücke B, Scherer M, Kruse J, Pezzé L, Deuretzbacher F, Hyllus P, Topic O, Peise J, Ertmer
W, Arlt J, Santos L, Smerzi A and Klempt C 2011 Science 334 773 URL http://science.
sciencemag.org/content/334/6057/773
[90] Hosten O, Engelsen N J, Krishnakumar R and Kasevich M A 2016 Nature 529 505 URL
http://dx.doi.org/doi:10.1038/nature16176
[91] Cox K C, Greve G P, Weiner J M and Thompson J K 2016 Phys. Rev. Lett. 116 093602 URL
http://dx.doi.org/10.1103/PhysRevLett.116.093602
Inertial quantum sensors using light and matter 20
[92] Chabuda K, Leroux I and Demkowicz-Dobrzanski R 2016 arXiv:1601.01685 URL http://arxiv.
org/abs/1601.01685
